Quasielastic neutron scattering and molecular dynamics simulation studies of the melting transition in butane and hexane monolayers adsorbed on graphite.
I. INTRODUCTION
Previous neutron diffraction experiments and molecular dynamics ͑MD͒ simulations have investigated the melting transition in monolayers of flexible rod-shaped molecules. 1 These studies compared the melting of monolayers composed of two different molecules in the n-alkane series ͓CH 3 ͑CH 2 ) nϪ2 CH 3 ]: butane (nϭ4) and hexane (nϭ6) adsorbed on the graphite basal-plane surface. The MD simulations suggested a general mechanism of ''footprint reduction'' driving the melting transition. According to this mechanism, vacancies are introduced in the monolayer by motion of the adsorbate molecules normal to the graphite surface. These vacancies allow sufficient space on the surface for the molecules to disorder both translationally and rotationally. In the case of the shorter butane molecule, the footprint reduction is achieved by tilting of the molecules away from the surface, whereas for the longer hexane molecule a conformational change occurs in which some molecules transform from the linear trans state to a more globular gauche state. It was proposed that this trans-gauche conformational change, occurring in some of the molecules below the melting point, initiated the melting process of the hexane monolayer.
Neutron diffraction experiments have found an orientationally ordered, two-sublattice monolayer structure for butane 2, 3 and hexane 3, 4 adsorbed on graphite at low temperature. For both monolayers, the rectangular unit cell is commensurate with the graphite ͑0001͒ surface 5 and contains two molecules with their long axis parallel to the surface and arranged in a herringbone pattern. In agreement with the MD simulations, the butane monolayer diffraction patterns indicated an abrupt melting transition with little short-range translational order above the melting point. 4, 6, 7 In the case of the hexane monolayer, the simulations predicted coexistence of the high-temperature liquid phase with small, solid monolayer clusters ͑characteristic dimension of р35 Å͒ having a a͒ rectangular-centered ͑RC͒ structure. 1, 8 The position and relative intensity of broad Bragg peaks present in the neutron diffraction patterns above the melting point 1, 3, 9 were consistent with the RC clusters revealed by the simulations. Thus, although the MD simulations predicted a melting point 25% higher than experiment for both the butane and hexane monolayers, 10 qualitative features of the diffraction patterns were consistent with the simulations.
Despite this agreement, some basic features of the footprint reduction mechanism suggested by the simulations could not be corroborated by the diffraction experiments that probe the static monolayer structure. In particular, they neither provided direct evidence of the tilting of the butane molecules nor the trans-gauche conformational change of hexane which were believed to initiate the monolayer melting process.
In order to learn more about the dynamics of the adsorbed molecules, particularly near the monolayer melting point, we have conducted a series of quasielastic neutron scattering experiments on butane and hexane monolayers adsorbed on graphite. In the case of the hexane monolayer, we planned to look for evidence in the quasielastic scattering below the melting point indicative of the trans-gauche conformational change found in the simulations. Similar measurements on the plastic phase of bulk butane in the temperature range from 110 to 135 K had found a broad quasielastic peak which was interpreted as resulting from conformational changes of the butane molecule. 11 We were also interested in comparing the amount of elastic scattering from these two monolayers at temperatures just above their melting point, looking for differences consistent with the presence of the solid RC clusters which the simulations had shown to coexist with the hexane monolayer liquid phase. In this way, quasielastic scattering could provide a further test of the melting mechanism which emerged from the MD simulations complementary to that provided by the neutron diffraction experiments.
An essential feature of our approach has been to generate the incoherent scattering function S inc (Q,) of the monolayers from MD simulations and analyze it using the same models and computer codes used for the neutron spectra. We are not aware of this approach being applied previously to the study of diffusion in adsorbed monolayers. This detailed comparison of experiment and simulation leads to a description of the monolayer dynamics which is consistent with the footprint reduction mechanism of melting previously suggested for these monolayers.
II. TECHNIQUES

A. Experiment
The quasielastic neutron scattering experiments were performed on the QENS spectrometer at the Intense Pulsed Neutron Source of Argonne National Laboratory. As described elsewhere, 12 this spectrometer has an energy resolution width of about 70 eV ͓full width at half maximum ͑FWHM͔͒. It has three separate analyzer-filter-detector as-semblies which move together, allowing data to be collected at three different wave vector transfers Q simultaneously.
The chemical purity of the n-butane and n-hexane used as supplied 13 was 99.5% and 99%, respectively. These molecules were fully protonated in order to exploit the large incoherent neutron scattering cross section of hydrogen. It is estimated that the molecular carbon atoms contribute Ͻ3% of the total quasielastic intensity. For the substrate, we used a recompressed exfoliated graphite known as Papyex. 14 The sample consisted of a stack of disks, 1.0 cm in diameter and 10 cm high, having a mass of 12.9 g, placed in a cylindrical aluminum cell of wall thickness 0.050 cm. The substrate was prepared as in previous experiments, 15 and its surface area was calibrated by a nitrogen adsorption isotherm at 77 K.
For the butane experiment, background spectra from the graphite substrate were collected at room temperature using a single position of the QENS detector arms denoted as I, corresponding to wave vector transfers Q of 1.22, 1.61, and 2.53 Å Ϫ1 . However, for the hexane experiment, there was sufficient time to take background spectra at four settings of the QENS detector arms, yielding data at 12 Q's ranging from 0.57 to 2.53 Å Ϫ1 . The hexane background spectra were taken at a temperature of 13 K. In all cases, the background spectra were fit to a ␦-function convoluted with the instrumental resolution function, and the integrated intensity, corrected for temperature effects, 16 was used as a measure of the graphite contribution to the elastic scattering.
All of the butane measurements were carried out at a single coverage of 0.88 layers, at which diffraction patterns had previously been obtained. 4, 6, 7 This coverage was sufficiently below monolayer completion that there was a negligible population of second-layer molecules at the highest temperatures investigated. At this coverage, the butane monolayer structure is partially commensurate with the graphite basal plane and contains two molecules arranged in a herringbone pattern. 2, 3, 5 The rectangular unit cell has dimensions aϭ8.52 Å ͑ϭ2ͱ3a g where a g is the lattice constant of the graphite basal plane͒ and bϭ7.68 Å. The majority of the n-butane monolayer data were collected at setting I of the QENS detector arms. Spectra were recorded at six temperatures in the range 13-149 K. At 140 K, a second setting of the detector arms was used to obtain spectra at Q's of 0.91, 1.87, and 2.40 Å Ϫ1 . These data were close enough in temperature to be combined with those taken at 138 K at position I to yield the Q dependence of the quasielastic scattering at a temperature about 22 K above the monolayer melting point.
The hexane experiments were performed at a submonolayer coverage of 0.95 layers where neutron, 3, 4, 9 x-ray, 3, 9 and low-energy electron diffraction 17 experiments had shown the film to have a commensurate rectangular unit cell with lattice constants aϭ17.04 Å (ϭ4ͱ3a g ͒ and bϭ4.92 Å (ϭ2a g ͒. Like the butane monolayer, the cell contains two molecules arranged in a herringbone pattern. Quasielastic spectra were taken at setting I of QENS at nine temperatures in the range 13 to 270 K. The Q dependence of the spectra was investigated at 13, 160, and 215 K by taking additional spectra at seven Q's in the range 0.57-2.53 Å Ϫ1 at these temperatures.
B. Molecular dynamics simulations
The molecular dynamics ͑MD͒ simulation and the potentials used have been thoroughly described elsewhere, 1 so that a brief description will suffice here. The MD simulation employs a unified-atom model for each molecule in which the alkane methylene and methyl groups are replaced by pseudoatoms of mass 14 and 15 amu, respectively. The simulation was done within the NVT ensemble with bond lengths between neighboring pseudoatoms constrained to their equilibrium distances. All other molecular degrees of freedom have been included, totaling 9 for butane and 13 for hexane. The time step in the integration of the equations of motion was 0.002 ps in simulations up to temperatures of ϳ150 K, 0.001 ps up to ϳ250 K, and 0.0006 ps at higher temperatures. These time steps were found to give an acceptably small drift in the total energy over the duration of the simulation.
The simulation box size was chosen to be comparable to the coherence lengths found for the exfoliated graphite substrate used in the neutron diffraction and quasielastic scattering experiments. 6 For the butane system, the simulation box had dimensions of 63.01 Åϫ68.40 Å, with 128 molecules in the complete monolayer, while, for the hexane system, the box dimensions were 68.88 Åϫ68.17 Å, with 104 molecules in the complete monolayer. 18 The initial configurations for the simulations were the low-temperature herringbone ground states with all molecules in the trans configuration. 1 One of the advantages of the MD approach is the capability of calculating dynamic properties, such as the incoherent scattering function S inc (Q,), which can be readily compared to experimental results. In a typical low-temperature solid, S inc (Q,) exhibits a sharp peak centered at energy transfer ϭ0, whose integrated intensity has a Debye-Waller dependence on Q. Any diffusive motion of the constituent molecules or atoms broadens this sharp peak.
The first step in the calculation of S inc (Q,) is to generate the incoherent intermediate scattering function, which is a time-correlation function defined by
where N is the number of atoms in the simulation and r i (t) is the position vector of atom i at time t. The brackets ͗ ͘ denote a canonical average, here an average over initial times t 0 . The data for calculation of I inc (Q,t) were generated by continuing calculations after an initial equilibration period of 150-200 ps. Since the neutron scattering experiments were performed on a polycrystalline substrate, the powder average of Eq. ͑1͒ was calculated as
with ͉r i (tϩt 0 )Ϫr i (t 0 )͉ computed by the method described by Allen and Tildesley. 19 From the simulation, we can calculate the powderaveraged incoherent scattering function S inc (Q,), defined as the Fourier transform of the incoherent intermediate scattering function
The energy or resolution of S inc (Q,) is determined by the length of time over which the correlation function of Eq. ͑2͒ is calculated. The choice in these simulations was to reproduce the experimental resolution of 70 eV. Accordingly, the incoherent intermediate scattering function has been determined up to 90 ps with a time interval of 0.75 ps.
S inc (Q,) was calculated from Eqs. ͑2͒ and ͑3͒ for the butane and hexane simulations at a series of reduced temperatures T/T m , covering the range of experimental temperatures. T m is the monolayer melting point which, as noted previously, was 25% higher than the experimental value for both the butane and hexane monolayers. 10 S inc (Q,) was fit to a sum of Gaussian and Lorentzian components, representing the elastic and quasielastic scattering, respectively. This parameterization was used to generate simulated spectra on an energy grid suitable for input to the same codes developed for analyzing the experimental spectra.
III. MODEL-INDEPENDENT DATA ANALYSIS
Our principal interest was to model the simulated and experimental quasielastic spectra to determine the nature of the diffusive motion in the butane and hexane monolayers near the melting transition. Before doing so, however, it was helpful to perform a simpler, model-independent analysis of the simulated and experimental spectra in order to assess how closely they agree, and to reveal any qualitative differences between the quasielastic scattering of the butane and hexane monolayers.
To accomplish this, we consider a scattering law similar to that used to parameterize the simulated spectra, namely, the sum of elastic and quasielastic components represented by a ␦-function and a single Lorentzian, respectively,
where ⌫ is the half width at half maximum of the Lorentzian.
In the case of the simulated spectra, the ␦-function component was replaced by a Gaussian. To fit the scattering law of Eq. ͑4͒ to the neutron quasielastic spectra, we must fold it with the QENS instrumental resolution function. 12 The quality of the fit so obtained is illustrated in Fig. 1 for the spectrum observed from 0.88 layers of butane adsorbed on Papyex at Qϭ1.61 Å Ϫ1 and a temperature of 149 K. The dotted and dashed curves are the ␦-function and Lorentzian components of this best fit folded with the instrumental resolution function.
It is useful to begin the analysis by simply assessing the amount of elastic scattering in the spectra as a function of temperature. In Fig. 2 , we have plotted for both the butane and hexane monolayers the temperature dependence of the ratio R of the integrated intensity of the ␦-function component of the quasielastic scattering ͑after subtraction of the graphite substrate contribution͒ to the total integrated inten-sity. The reduced temperature T/T m is used on the horizontal axis. From neutron and x-ray diffraction experiments, the melting point has been measured to be 116 for butane 6, 7 and 170 K for hexane. 1, 3, 4, 9 The ratio R measures the fraction of the molecules exhibiting no diffusion on the time scale which the instrumental energy resolution allows us to sample i.e., which is characterized by a translational diffusion constant р0.2 ϫ10 Ϫ5 cm 2 /s. 20 The constant value of Rϭ1 below T m in Fig. 2͑a͒ indicates the absence of diffusive motion below the butane monolayer melting point, whereas the decrease in R below the hexane monolayer melting point in Fig. 2͑b͒ indicates an earlier onset of diffusion. This feature of the experimental data is reproduced by the quasielastic spectra generated from the MD simulation, as shown by the solid triangles in the plots.
To estimate the melting point and width of the transition from the measurement of R, we have fitted the neutron data in Fig. 2 to the form
which fits R well and is chosen for convenience. Here m is the point of maximum slope and W measures the width of the transition region as the temperature interval in which R lies between values of 0.80 and 0.20 ͑see horizontal arrows in Fig. 2͒ . The fits give m ϭ118 and 172 K for the butane and hexane monolayers, respectively, in good agreement with the melting points inferred from the diffraction experiments as noted above. The fit to Eq. ͑5͒ also shows the melting transition of the butane monolayer to be more abrupt (Wϭ7.2 K) than that of hexane (Wϭ19 K). It is interesting to note that, in the case of the hexane monolayer, the quasielastic spectra appear to give a larger width to the melting transition than the diffraction experiments. At the same coverage, the x-ray Bragg peak intensity falls from 90% of its low-temperature value to zero between 165 and 175 K, while the neutron diffraction pattern changes from one containing sharp peaks to a smaller number of broad peaks in the same temperature range. 3, 9, 21 An explanation for this behavior is provided by the MD simulations, which show the presence of gauche molecules in the hexane monolayer below T m and the coexistence of RC monolayer clusters with a fluid phase just above T m . As noted in Sec. I, the RC phase has already been found to be consistent with broad-peak structure of the neutron diffraction patterns. 3, 9 Thus, we associate the greater width of the melting transition inferred from the quasielastic spectra with both the formation of mobile gauche molecules below T m and the coexistence of the fluid and RC phases above T m . Further support for this interpretation is provided by detailed modeling of the quasielastic spectra described in the following sections. Figure 3 shows the temperature dependence of the widths ⌫ of the Lorentzian component of Eq. ͑4͒ at Q ϭ1.61 Å Ϫ1 , as determined both from the quasielastic neu- tron spectra and the spectra generated from the MD simulations. There is qualitative agreement between the experiment and the simulation in the following respects: ͑1͒ no broadening below the melting point is found for the butane monolayer, while it is present in the case of hexane; and ͑2͒ both monolayers show roughly the same rate of increase in the width of the quasielastic component as the temperature is raised above the melting point.
IV. QUASIELASTIC SCATTERING MODELS
A. Scattering functions
A more detailed picture of the diffusive motion in the butane and hexane monolayers can be obtained by applying some standard models used previously to describe molecular diffusion in physisorbed films. 22, 23 We begin our discussion by considering the incoherent scattering functions for these models. The first of these represents a simple model of translational diffusion in which the molecular center of mass executes random Brownian motion. This model has been used previously in the analysis of quasielastic neutron scattering from ethane monolayers adsorbed on graphite, 22, 23 and yields the following incoherent scattering function:
where Q ʈ is the component of Q parallel to the graphite surface, and D t is the translational diffusion constant. We have considered two different models of rotational diffusion. In the first of these, the molecule rotates about a single axis. For example, bulk butane has a high-temperature plastic phase in which the molecules are translationally ordered but rotate about their long axis. 24 Such a phase is apparently not observed for the butane monolayer, which showed no quasielastic scattering below T m . On the other hand, evidence of uniaxial rotation has been found below the melting point of two different monolayer phases of the shortest alkane, ethane ͓CH 3 CH 3 ͔, adsorbed on graphite. Quasielastic neutron spectra were consistent with the molecule rotating about the C-C bond in both the herringbone S 1 phase ͑bond parallel to the surface͒ as well as the higher-density hexagonal S 3 phase ͑bond perpendicular to the surface͒. 23 We have considered models of uniaxial rotation for the hexane monolayer in which the molecules rotate either about their long axis ͑the axis with the lowest moment of inertia͒ oriented parallel to the surface, or about an axis normal to the surface through the molecular center of mass. The incoherent scattering function for such uniaxial rotation is given by 25
where Q Ќ is the component of Q in a plane perpendicular to the rotation axis, the J m are mth-order Bessel functions of the first kind, r i is the distance of the ith atom from the axis of rotation and N is the number of atoms in the molecule. Five terms of the sum over m in Eq. ͑7͒ were retained as higher-order terms made insignificant contributions over the Q range of the experiment. The other model of rotational diffusion which we considered was one in which the molecules rotated isotropically about their center of mass. This model had been applied successfully to diffusion in the ethane monolayer phases on graphite at higher temperatures. 22, 23 The incoherent scattering function for this model is given by 25, 26 
where the j m are mth-order spherical Bessel functions and r i is the distance of the ith atom from the center of mass of the molecule. The sum over m was terminated at the sixth term, as higher-order contributions were negligible over the Q range of the experiment. In this model, the ith atom moves on the surface of a sphere of radius r i whose center is at the molecular center of mass. For comparison with the neutron quasielastic spectra, only the H-atom radii are included, while in the case of the simulated spectra, the radii are taken as the distance of the pseudoatoms from the molecular center of mass. The butane molecule was assumed to be in the trans conformation. Two different conformations of the hexane molecule were considered: one in which the molecules were trans and the other in which they had a single, terminal gauche defect. Conformations with more than one gauche defect were ignored, both for the sake of simplicity and because the MD simulations had indicated them to be less probable below the hexane monolayer melting point. We analyzed the quasielastic scattering of the butane and hexane monolayers above their melting point, assuming a combination of rotational and translational diffusion. To simplify the analysis, the translational and rotational motions of the molecules were assumed to be independent. In this approximation, the intermediate scattering function Eq. ͑1͒ is a product of a center-of-mass translational term and one representing rotation about the molecular center of mass. The corresponding incoherent scattering function can then be written as a convolution of translational and rotational terms: 25, 27 
As was the case below the monolayer melting point, both a trans conformation and one with a single, terminal gauche defect were considered for the hexane molecules. However, only the trans conformation of butane was used, since the MD simulations had shown gauche conformers to be absent in the monolayer at temperatures near the melting point.
B. Implementation
Due to the dependence of the incoherent scattering functions in Eqs. ͑6͒, ͑7͒, and ͑9͒ on either Q ʈ or Q Ќ , it is necessary to average the scattering functions over the orientational distribution of graphite crystallites in our polycrystalline substrate before comparing with the neutron quasielastic spectra. We let ͑␥͒ be the orientational distribution function, where ␥ is the angle between the normal to the scattering plane and a crystallite surface normal so that tan ␥ϭQ Ќ /Q ʈ . The appropriately averaged scattering law, which we have applied to both the butane and hexane monolayers above their respective melting points, is then
where S(Q,) is one of the incoherent scattering functions defined by Eqs. ͑6͒-͑9͒. Note that to compare Eq. ͑10͒ with S inc (Q,) calculated from the simulation, one sets ͑␥͒ equal to a constant, since S inc (Q,) is calculated as an isotropic average. The integration over the orientational distribution in Eq. ͑10͒ was implemented numerically as part of our fitting algorithm. As in previous studies, 28 we used a two-component distribution with 70% of the graphite crystallites oriented isotropically and 30% having a Gaussian distribution about the scattering plane. A full width at half maximum of 30°for the Gaussian component was assumed as before. 28 We also considered the effect of altering the crystallite angular distribution ͑␥͒ on the analysis of the neutron spectra. A purely isotropic distribution resulted in translational diffusion con-stants D t about two times greater than those deduced using the two-component distribution. We interpret these larger values as providing an upper bound to D t . As expected, assuming a purely isotropic distribution made no significant change in the diffusion constants inferred for isotropic rotation about the molecular center of mass. The diffusion constants listed in Table I and plotted in Fig. 6 were determined assuming the two-component distribution.
The computer code used to analyze both the neutron and simulated data was constrained to fit simultaneously the quasielastic spectra at all of the Q's investigated at each temperature. The fit could be made to any one of the scattering functions given by Eqs. ͑6͒-͑9͒ averaged over the crystallite orientation distribution as in Eq. ͑10͒. In fitting the neutron spectra, the total ␦-function intensity was allowed to vary independently for each spectrum. The scattering from the graphite substrate was modeled as an additive contribution to the ␦-function component, with its magnitude determined from the measured graphite background corrected by the Debye-Waller factor appropriate to each temperature. 16 At the lowest temperatures, the adsorbed molecules contribute only to the ␦-function component of the spectra.
However, upon heating, we found a range of temperatures near the melting point over which only a fraction f m of the molecules diffuse where f m is calculated from the intensity ratio of the quasielastically broadened component to the total scattering. This fraction is listed in Tables I and II as a function of temperature for both the neutron and simulated quasielastic spectra. The residual elastic intensity from the localized molecules follows a Debye-Waller (e ϪQ 2 ͗u 2 ͘ ) dependence on Q, where the corresponding ͗u 2 ͘ is given in Tables I and II . Thus near the melting point of the monolayers, we can think of the adsorbed monolayer as comprising two populations: localized molecules from which there is only elastic scattering, and mobile molecules which contrib- ute the quasielastic component to the spectra. The scattering law appropriate to such a two-component system is then given by
where S avg (Q,) is defined in Eq. ͑10͒.
V. RESULTS
We now examine the results of applying the diffusion models described in the previous two sections. For both monolayers, we divide the discussion into two temperature regimes corresponding to below and above the monolayer melting point, respectively.
A. Below melting
Since the butane monolayer showed no quasielastic scattering below its melting point, we begin by considering the quasielastic spectra of the hexane monolayer below its observed melting point T m ϭ170 K. Above a reduced temperature T/T m ϭ0.88, the quasielastic scattering in the neutron spectra is intense enough to be able to distinguish clearly between the rotational models discussed in the previous section. We compared the fits to observed and simulated spectra of the hexane monolayer below its melting point for the two different models of rotational diffusion in the absence of translational diffusion. The isotropic rotation model yielded the best fit to both the neutron and simulated quasielastic spectra above T/T m ϭ0.88. As can be seen in Fig. 4 for the neutron spectrum at Qϭ1.01 Å Ϫ1 at T/T m ϭ0.94, the model of uniaxial rotation predicts too small of a quasielastic component. At other Q values, fitting the neutron spectra with the uniaxial rotation model resulted in unphysical parameters, such as a negative intensity, given to the elastic component. Similar behavior was found when the uniaxial model was applied to the simulated spectra.
While fits to the neutron and simulated quasielastic spectra could distinguish between models of uniaxial and isotro-pic rotational motion for the hexane monolayer below its melting point, they were insensitive to the molecular conformation. Both the trans conformation and one having a single terminal gauche defect yielded the same values of the mobile fraction f m and rotational diffusion constant D r within the uncertainties listed in Table I . We will see in the next section that there is compelling evidence from the simulation that it is the gauche hexane molecules which are responsible for the quasielastic component in the spectra below the melting point. Thus to facilitate comparison between analysis of the experimental and simulated spectra, all fitting parameters reported in Tables I and II and in the following figures were determined assuming a single terminal gauche defect in the hexane molecule.
While fits of the isotropic rotation model to the neutron and simulated spectra below the hexane monolayer melting point reveal the same qualitative features, we consistently find the experimental spectra to give smaller values of mobile fraction f m and the mean-squared displacement ͗u 2 ͘ of the localized fraction of molecules. In addition, the rotational diffusion constants D r of the mobile population are two to three times smaller in the experimental fits. These results are consistent with the larger widths ⌫ found for the simulated spectra in the single-Lorentzian plus ␦-function analysis in Sec. III. Reasons for these quantitative differences will be discussed in the next section. For temperatures greater than the melting point, both the hexane and butane spectra were modeled assuming a combination of isotropic rotational and random translational diffusion described by using the incoherent scattering function of Eq. ͑9͒ in Eq. ͑11͒. The representative neutron spectra in Fig.  5 of the adsorbed hexane monolayer at 215 K illustrate the quality of the fits obtained with this model after folding with the instrumental resolution function. At this temperature, no residual elastic intensity is observed, so that all of the hexane molecules participate in the diffusive motion ( f m ϭ1). Note, that unlike Fig. 1 , the elastic contribution from the Papyex substrate has been subtracted in order to enhance sensitivity to the quasielastic scattering.
As was the case below the melting point, fits to the experimental spectra generally give rotational diffusion constants D r about two times smaller than for the simulation, consistent with the larger widths ⌫ found for the simulated spectra in the Lorentzian plus ␦-function analysis. The same is true for the translational motion, which begins above the melting point with the diffusion constants D t inferred from the neutron spectra being about a factor of two to three smaller than for the simulation. An even larger effect is seen for the butane monolayer above its melting point, where the experimental values are smaller than for the simulation by more than an order of magnitude for D r and a factor of two to three in the case of D t .
The temperature dependence of the parameters obtained from fitting the neutron quasielastic spectra of the butane and hexane monolayers is presented in Fig. 6 , where f m , D t , and D r are plotted versus temperature. The solid curve in Fig.  6͑a͒ is a fit to the f m data with a function similar to that in Eq. ͑5͒. These fits give m ϭ118 and 167 K as the temperature of maximum slope for the butane and hexane monolayers, respectively, in reasonable agreement with the values obtained in the ␦-function plus Lorentzian analysis. Once the molecules begin to diffuse, D t increases linearly with temperature at a rate of 0.04ϫ10 Ϫ5 and 0.05ϫ10 Ϫ5 cm 2 /s/K for butane and hexane, respectively ͓see Fig. 6͑b͔͒ . We also see that the rotational diffusion constant increases rapidly with temperature above T m for butane, while for hexane a significant increase in the rotational mobility of some molecules begins below T m ͓see Fig. 6͑c͔͒ .
For comparison, Fig. 7 presents the temperature dependence of the same parameters as in Fig. 6 , but now derived from fitting the simulated quasielastic spectra to the model of combined translational and isotropic rotational diffusion. Despite the larger values of the translational diffusion constant D t at each temperature, we again find a roughly linear increase with temperature, giving slopes of 0.04ϫ10 Ϫ5 and 0.07ϫ10 Ϫ5 cm 2 /s/K for butane and hexane, respectively ͓see Fig. 7͑b͔͒ . These slopes are comparable to those obtained from analyzing the neutron spectra. D r exhibits the same qualitative temperature dependence as was seen in Fig. 6 for the neutron spectra, increasing significantly below T m for the hexane monolayer and increasing rapidly for both monolayers above T m ͓see Fig. 7͑c͔͒ .
VI. DISCUSSION
As in the previous section, we organize our discussion by considering the quasielastic spectra of each monolayer, first below its melting point, and then above. In the case of the hexane monolayer, we use the results of the MD simulation to give a more detailed interpretation of the quasielastic spectra than is possible from modeling the neutron scattering data alone.
A. Below melting
Neither the neutron nor the simulated spectra of the butane monolayer exhibited quasielastic broadening below melting. These results are consistent with the abrupt, first order melting transition observed at monolayer coverage in both neutron diffraction 4,6,7 and specific heat experiments. 29 Turning to the hexane monolayer, the analysis of the neutron quasielastic spectra below T m is in qualitative agreement with the simulation, but differs in quantitative details. Generally, the amount of molecular motion inferred from the experiment is less than that predicted by the simulation. This is reflected in the smaller values of mobile fraction f m , ͗u 2 ͘, and D r below the monolayer melting point ͑see Tables I and  II͒ . The differences in D r between simulation and experiment cannot be attributed to the use of pseudoatoms in the molecules of the simulation. Although pseudoatoms result in a smaller moment of inertia about the long axis of the molecule, they reproduce rather well the moments of inertia about the other two principal axes of rotation, the ones relevant to the model of isotropic rotation, as discussed below.
We believe the principal reason for the greater degree of molecular motion exhibited in the simulation than the experiment is the higher absolute temperature of the melting point in the simulation. The simulation gives a melting point of the butane monolayer of 152 compared to the value of 116 K obtained by neutron diffraction, 6, 7 while for hexane the melting points are at 170 ͑neutron͒ and 221 K ͑simulation͒. 3, 4 The effect of the higher melting point of both monolayers in the simulations could be checked by using an alternative molecule-substrate interaction which results in melting temperatures closer to those observed. 10 As will be discussed below, further work is needed to elucidate other possible causes of this discrepancy between experiment and simulation.
Fits of both the neutron and simulated quasielastic spectra favor a model of isotropic rotation about the molecular center of mass rather than rotation about a single molecular axis below the hexane monolayer melting point. In all cases, uniaxial rotation produced too large of an elastic component in the spectra. The reason for this can be seen by comparing the incoherent scattering functions in Eqs. ͑7͒ and ͑8͒. We see that for uniaxial rotation, S uni depends on Q Ќ , the component of Q in a plane perpendicular to the axis of rotation, whereas, for isotropic rotation, S iso depends only on Q.
Since Q Ќ рQ and J 0 is a decreasing function for small arguments, whereas the J m (mϾ0) are increasing in the same range, the elastic component of the scattering will be enhanced in the case of uniaxial rotation when the polycrystalline average in Eq. ͑10͒ is performed.
We should emphasize, however, that the isotropic and uniaxial rotational models may represent only two extreme types of motion. The actual motion may be somewhere in between. We interpret our results as indicating that the rotational motion is closer to isotropic than uniaxial. One possible explanation for this is that it is mostly gauche molecules which are rotating. They are more globular in shape and, therefore, a single rotational axis is not selected energetically. Unfortunately, we could not verify this interpretation from analysis of the neutron and simulated quasielastic spectra, since fits to the spectra were insensitive to the molecular conformation. In particular, we did not observe a feature in the quasielastic spectra due to the trans-gauche conformational change as was interpreted for bulk butane. 11 To address the question of the conformation of the diffusing molecules, we must rely on the MD simulations as justified by their strong qualitative agreement with the quasielastic experiments. Our earlier simulations 1 had shown that about 10% of the molecules were in the gauche conformation at a reduced temperature T/T m ϭ0.95. When the transto-gauche conformational change was suppressed in the simulation so that no gauche molecules formed at temperatures below T m , the melting point of the hexane monolayer increased. We have extended this analysis here by calculating the quasielastic spectra for monolayers without gauche molecules and find no broadening at T/T m ϭ0.95. Thus, we conclude from the simulations that the presence of quasielastic broadening at that temperature coincides with the appearance of gauche molecules.
However, the question remains as to whether it is only the gauche molecules which are diffusing or whether their presence also facilitates diffusion of some of the trans molecules below the melting point. In this regard, we note that the value f m ϭ0.68 obtained for the mobile fraction of mol- ecules at T/T m ϭ0.95 ͑see Table II͒ by fitting the simulated quasielastic spectra with S iso substituted into Eq. ͑11͒, is considerably larger than the 10% fraction of gauche molecules obtained by analyzing the dihedral-angle distribution 1 at this temperature. This discrepancy may result from not all of the mobile molecules having a single terminal gauche defect as we have assumed in fitting the quasielastic spectra. The presence of a small number of gauche molecules could create space on the graphite surface which would facilitate rotation of trans molecules. This possibility is difficult to test due to the large number of parameters in a model in which the rotationally diffusing molecules can have more than one conformation.
B. Above melting
The MD simulations are also quite helpful in interpreting the different behavior observed in the neutron quasielastic spectra of the butane and hexane monolayers above their respective melting points. According to the simulation, the butane monolayer melts abruptly to a liquid phase in which all of the molecules rotate about their center of mass while undergoing translational diffusion. In contrast, the hexane monolayer does not attain a mobile fraction f m ϭ1 until 27 K above T m . We associate the elastic component in the simulated quasielastic spectra in the temperature range 1.0 ϽT/T m Ͻ1.1, with the solid RC clusters found to coexist with a fluid phase in the earlier simulations, and whose presence explained the broad peaks observed in the neutron diffraction patterns. 1, 3, 9 At higher temperatures, the simulations indicated that the RC clusters themselves melt rather than diffuse through the coexisting fluid phase. 1 This behavior is consistent with the increase in the mean-squared displacement ͗u 2 ͘ of the localized molecules to 0.45 Å 2 at T/T m ϭ1.02 as inferred from the simulated spectra ͑see Table II͒. Comparing fits of the neutron and simulated spectra of both the hexane and butane monolayers to Eq. ͑9͒ above their respective melting points, we again find qualitative similarities but some quantitative differences. In all cases, a model of isotropic diffusion about the molecular center of mass remains favored over one of uniaxial rotation. The neutron spectra still yield smaller values of D t and D r just above the melting point of both monolayers. Larger values of D t can be obtained from the neutron spectra if an isotropic crystallite distribution is assumed for the graphite substrate, but this is unlikely to explain the discrepancy in D t completely because of the larger widths ⌫ found for the simulated spectra in the model-independent analysis in Sec. III ͑see Fig. 3͒ .
These results, again, point to the simulation overestimating the degree of motion in the monolayer near the melting point. We note, though, that for the hexane monolayer at the highest temperatures (T/T m у1.26), the discrepancy between the values of D r and ⌫ derived from the neutron spectra and those derived from the simulated spectra diminishes.
It is interesting to compare the magnitude of the translational diffusion constants extracted from the monolayer neutron spectra with those of the corresponding bulk liquids. At 150 K, D t of bulk butane is measured to be 0.65 ϫ10 Ϫ5 cm 2 /s, 30 considerably less than our measured monolayer value of 1.7Ϯ0.4ϫ10 Ϫ5 cm 2 /s. Similarly, for bulk hexane D t ϭ1.3ϫ10 Ϫ5 cm 2 /s at 214 K ͑Ref. 30͒ compared to the monolayer value of 1.7Ϯ0.5ϫ10 Ϫ5 cm 2 /s. This behavior is like that observed previously for ethane adsorbed on graphite, where the monolayer D t at 122 K was approximately three times larger than its bulk value at the same temperature. 23 More recently, D t has been measured by Hebeam scattering for an octane monolayer adsorbed on Cu ͑111͒. 31 The reported value exceeded the upper bound for the bulk D t by a factor of approximately six.
Thus we see a general trend of larger values of D t for monolayers of short n-alkanes adsorbed on a solid substrate than found in the bulk liquids. Rather than speculate on the reason for this, we prefer simply to emphasize the need for more simulation work both on bulk and monolayer phases of the alkanes to address this question.
Similar comparisons are more difficult to make for the rotational diffusion constant. A neutron quasielastic study of bulk liquid butane at 190 K reports a D r of 277ϫ10 9 /s. 24 Our measurements on monolayer butane extend only to 149 K, but a reasonable extrapolation to 190 K ͓using an Arrhenius fit to the data in Fig. 6͑c͔͒ results in a value of 125 ϫ10 9 /s, considerably less than the bulk value. Also, we note that the values of D r , which we have inferred, are in the same range as those previously determined for the liquid monolayer phase of ethane adsorbed on graphite. 22
VII. CONCLUSION
To summarize, we find at least qualitative agreement between the neutron and simulated quasielastic spectra near the melting points of both the butane and hexane monolayers using the model-independent analysis in Sec. III. In both the neutron and simulated spectra, only an elastic component is present for butane monolayer below its melting point. Both the neutron experiment and the simulation show an abrupt onset of the quasielastic component for the butane monolayer at its melting point and a concomitant disappearance of the elastic scattering. In the case of the hexane monolayer, a quasielastic component to the spectra appears below its melting point at a reduced temperature T/T m ϳ0.9, while an elastic component persists up to T/T m ϳ1.3. The width of the quasielastic component increases roughly linearly with temperature for both monolayers.
Based on our MD simulation, we have developed the following microscopic models for the diffusive motion in the butane and hexane monolayers. The butane monolayer melts abruptly to a liquid phase in which molecules in their trans state rotate about their center of mass while diffusing translationally.
In contrast, melting of the hexane monolayer is preceded (T/T m ϳ0.9) by the formation of a small fraction of mobile molecules which may be predominantly in a gauche state and which diffuse rotationally about a fixed center of mass. At the monolayer melting point, hexane molecules in the mobile fraction begin to diffuse translationally as well as rotationally. The mobile fraction increases in size above the melting point, reaching unity at T/T m ϳ1.3. In this temperature range, the MD simulation predicts the coexistence of small, RC clusters which coexist with the fluid phase represented by the mobile fraction. The presence of these RC clusters is consistent with observed neutron diffraction patterns. At higher temperatures, the hexane monolayer exists in a fluid phase of predominantly gauche molecules in which, as in the case of the butane monolayer, molecules translationally diffuse while rotating about their center of mass.
The quasielastic scattering results and MD simulations presented here complement previous neutron diffraction experiments and simulations of melting in these alkane monolayers. By correlating the quasielastic scattering, which appears below the melting point of the hexane monolayer, with the appearance of gauche molecules, they support the ''footprint reduction'' melting mechanism proposed earlier. The quasielastic scattering also provides direct evidence above the hexane monolayer melting point of a fluid phase coexisting with the solid monolayer clusters whose presence had been inferred from the previous diffraction experiments and simulations.
While supporting the ''footprint reduction'' melting mechanism, the quasielastic neutron scattering experiments and simulations presented here have also raised some questions about diffusion in these monolayers which future work might address. These include: ͑1͒ Is the rotational motion of the diffusing molecules strictly isotropic or is it more complex for these nonspherical molecules? ͑2͒ While rotational diffusion below the melting point of the hexane monolayer is associated with the appearance of gauche molecules, are some trans molecules also rotationally diffusing? ͑3͒ Why do the simulations tend to give a greater degree of molecular motion than the experiment near the melting point? and ͑4͒ Why do the monolayer translational diffusion constants tend to be larger than in bulk? Neutron experiments with greater energy resolution and much larger scattered intensities, as well as longer simulations without the pseudoatom approximation, may yield more definitive answers to these questions.
